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Especially, CuO nanocrystals are frequently employed as photochemically active and photoconductive compounds. 6 The application fields of CuO nanocrystals are strongly dependent on its fundamental properties. Up to now, there are only a few reports 7, 8 about CuO or, Cu2O with surface-enhanced Raman scattering (SERS) properties; however, the enhancement ability is ambiguous.
SERS has drawn wide attention primarily because it can greatly enhance the normally weak Raman signal and thereby facilitate the convenient identification of the vibrational signatures of molecules in chemical and biological systems. 9 Until now, SERS experiments have been restricted to molecules adsorbed on the surfaces of noble metals and transitional metals. [10] [11] [12] [13] Only a few reports describing SERS experiments on nonmetallic surfaces are available: Quagliano has detected Raman signals from pyridine molecules adsorbed on InAs/GaAs surfaces.
14 Yamamoto has reported some evidences for SERS on GaP small particles. 15 SERS from adsorbed molecules on surfaces of oxides such as NiO, 16 TiO2 17 α-Fe2O3 18 and other semiconductors, such as AgX (X = Cl, Br, I, O) was reported. [19] [20] [21] [22] In addition, many authors have succeeded in observing SERS effects on the metal-modified semiconductor surfaces. [23] [24] [25] Therefore, the SERS studies on semiconductor are still necessary for the application of SERS on non-metallic surfaces.
In this paper, we present a Raman spectroscopic study of 4-Mpy surface-modified CuO nanocrystals, where we examined the enhanced Raman signals of 4-Mpy. A 10 2 Raman enhancement was achieved. The Raman spectra of 4-Mpy adsorbed on CuO nanocrystals show sharp lines assigned to the 4-Mpy molecular vibrations together with the optical phonon mode of CuO nanocrystals. This research is extremely important not only for extension of the applicability of Raman spectroscopy to a variety of adsorption problems on semiconductor surfaces, but also for developing novel semiconductor Raman probes.
Experimental

Synthesis of CuO nanocrystals
The synthesis of CuO nanocrystals follows a similar procedure. 26 In brief, under N2, 0.0112 mol of CuCl2 and 200 mg cetyltrimethylammonium bromide (CTAB) were dissolved with 70 ml of ethanol to form a clear green solution, which was stirred with a magnetic stirrer. This solution was stirred for 30 min to ensure that the CuCl2 and CTAB dissolved completely. Then 0.0224 mol of NaOH ethanol was added dropwise under constant stirring. A blue precipitate of Cu(OH)2 was soon produced. The reaction was stirred for 2 h at room temperature, and the Cu(OH)2 that was obtained, was then air-dried on the frit. The dry copper hydroxide powder was heated at 250˚C for 15 min, and thus the black CuO powder was obtained.
Surface-modified CuO nanocrystals by 4-mercaptopyridine
A 20-mg portion of CuO nanocrystals was dissolved in 5 ml of 4-Mpy (1 × 10 -3 M) methanol solution, and the mixture was stirred for 30 min. Then the precipitate was centrifuged and rinsed with triply distilled water once more. The final purified CuO nanocrystals modified by 4-Mpy were redispersed into 5 ml methanol solution. Thus the maximum concentration of 4-Mpy adsorbed on CuO nanocrystals is 1.0 × 10 -3 M. Scheme 1 shows the model of 4-Mpy surface-modified CuO nanocrystals.
Preparation of sample for Raman measurement
To record the Raman spectrum of 4-Mpy adsorbed on CuO nanocrystals, an aliquot of 10 μl of purified 4-Mpy surfacemodified CuO nanocrystal methanol solution (maximum concentration of 4-Mpy is 1.0 × 10 -3 M) is dropped onto a Si wafer. The sample is spread evenly into a circle with the diameter about 1.6 cm. After evaporation of the solvent, the sample is measured. The area of molecules taking part in the scattering process is essentially determined by the diameter of the laser spot (1 μm).
Ag colloid and Cu nanoparticles used in this work were prepared according to the literature.
27,28
Instruments
Raman spectra were obtained with a Renishaw Raman system Model 1000 spectrometer. The 514.5 nm radiation from a 20 mw air-cooled argon ion laser was used as exciting source. Data acquisition was the results of three 30-s accumulations for 4-Mpy surface modified CuO nanocrystals with the laser power about 1.0 mW. Different laser excitation experiments were conducted with a Horiba Jobin-Yvon Labram HR800 spectrometer with the laser power about 0.4 mW.
UV-vis absorption spectra were recorded on a Shimadzu UV-3100 spectrometer, whose slit width was set at 2 nm.
SEM was carried out using a JEOL JSM-6700F field emission scanning electron microscope (FE-SEM) operated at 3.0 keV. SEM was used to characterize the shape of CuO nanocrystals.
XRD was carried out using a Siemens D5005 diffractometer. The X-ray powder diffraction (XRD) was used to identify the CuO powder crystalline phases.
X-ray photoelectron spectroscopy (XPS) was investigated by using a VG ESCALAB MK II spectrometer with a Mg KR excitation (1253.6 eV). Binding energy calibration was based on C 1s at 284.6 eV.
Results and Discussion
Characterization of CuO nanocrystals
The overall morphology of CuO nanocrystals was examined by FE-SEM. As is shown in Fig. 1(a) , FE-SEM overview observation reveals that the as-prepared CuO mainly consists of shuttle-like nanocrystals with lengths of about 80 nm. Figure  1 (b) presents the typical XRD pattern of the as-prepared CuO nanocrystals.
All the peaks match well with those of monoclinic phase CuO nanocrystals. 29 It can also be seen from Fig. 1(b) that the diffraction peaks of Cu are absent, which implies that the product was pure CuO nanocrystals. Thus the XRD analysis indicates the formation of high purity singlephase CuO nanocrystals with a monoclinic structure.
Further evidence for purity and composition of the products was provided by XPS studies. another peak at 531.9 eV can be attributed to oxygen adsorbed on CuO nanocrystals. The Cu 2p3/2 peak lies at about 933.3 eV with a shake-up satellite at about 8.7 eV higher in binding energy than that of the main peak. The existence of such a strong satellite feature for Cu 2p rules out the possibility of the presence of Cu2O phase. 30 The peak at 952.9 eV is attributed to Cu 2p1/2. The gap between the Cu 2p1/2 and Cu 2p3/2 levels is about 20 eV. The spectrum is almost identical to that in Ref. 31 . It should be noted that no signals of Cu were observed, which was consistent with the XRD data. Thus the XPS results further confirm that samples are composed only of CuO nanocrystals.
UV/vis spectrum of 4-Mpy surface-modified CuO nanocrystals
Absorption measurements were carried out to study the effect of addition of 4-Mpy molecule on optical properties of CuO nanocrystals. Figure 3(a) shows UV/vis spectra of 4-Mpy surface-modified CuO nanocrystals.
The maximum concentration of adsorbed 4-Mpy on CuO nanocrystals is 5 × 10 -5 M. For comparison, the UV/vis spectrum for pure CuO nanocrystals is shown in Fig. 3(b) , which exhibits an absorption band at 296 nm. The UV/vis spectrum of 4-Mpy surfacemodified CuO nanocrystals displays two distinct features: the first change is that an absorption band exhibits slight shift and increases in the intensity upon 4-Mpy adsorbed on CuO nanocrystals. The second is that an absorption band becomes broad. Similar results have been observed from dye molecules adsorbed on TiO2 surfaces. 32 The changes result from the interaction of 4-Mpy molecules and CuO nanocrystals.
Raman spectra of 4-Mpy surface-modified CuO nanocrystals
The Raman spectra of 4-Mpy adsorbed on CuO nanocrystals The band at 1208 cm -1 is attributed to in-plane N-H deformation and the band at 1106 cm -1 arises from the ring breathing mode that is coupled with the C-S stretching. Furthermore, the bands at 1584 and 1022 cm -1 may be assigned to ring stretching mode and ring breathing vibration mode of adsorbed 4-Mpy, respectively.
For comparison, the Raman spectra of 4-Mpy adsorbed on the silver colloids and Cu nanoparticles are displayed in Figs. 4(b) and (c). The corresponding peak frequency assignments are provided in Table 1 . There exists a close resemblance for changes of several vibrational bands between the Raman spectrum of 4-Mpy on CuO nanocrystals and that on Ag, and Cu nanoparticles. The Raman spectrum of 4-Mpy on CuO nanocrystals exhibited the marked downshift of the ν(C-S) mode at 717 cm -1 and an increase in intensity of the ν(C-S) mode at 1106 cm -1 in comparison with the normal Raman spectrum of 4-Mpy.
A similar downward shift and enhancement have been observed for 4-Mpy adsorbed on other metal substrates such as Au 33 and Pt 34 surfaces. Both bands are so-called X-sensitive modes, 35 that can be described as strongly coupled substituent and aromatic ring modes. Previous study shows that covalent binding of sulfur to the Ag is marked by strong enhancement of the ν(C-S) mode (1100 cm -1 ) due to effects of the altered C-S bond on the ring vibrations. The frequency of the ν(C-S) mode at 710 cm -1 is also shifted to lower frequency than in the bulk spectrum due to Ag-S bond formation. 36 It is clear that the obvious changes of both bands were interpreted by coordination of 4-Mpy with the metal surface through sulfur atom. Therefore we conclude that 4-Mpy may be adsorbed on CuO nanocrystals via the sulfur atom.
It should be noted that the Raman spectrum of 4-Mpy adsorbed on CuO nanocrystals is considerably different from that on Ag colloids. remarkable shift compared with those on Ag colloids. The variations of the frequencies of the characteristic 4-Mpy bands on CuO and Ag nanoparticles may arise from different enhancement mechanisms. Similar variations of the frequencies of 4-aminothiophenol molecules, which are due to different enhancement mechanisms, have been observed in the assembly of metal nanoparticles. 37 Furthermore, the relative intensity of the bands at 1022 and 1106 cm -1 is also different. The changes observed from 4-Mpy adsorbed on CuO nanocrystals and Ag colloids may be due to differences between the S-Ag and the S-Cu bonds. This can be confirmed by the fact that the relative intensities observed on CuO nanocrystals are very similar to those on Cu nanoparticles. Therefore, different substrates will display different interactions with the adsorbate, which may be responsible for the differences of relative intensities observed.
Secondly, a pair of peaks at 1580 and 1612 cm -1 emerge in the Raman spectrum of 4-Mpy adsorbed on Ag colloid. However, in the Raman spectrum of 4-Mpy adsorbed on CuO nanocrystals, we note the presence of a band at 1584 cm -1 and the lack of the other band at 1612 cm -1 . The band near 1600 cm -1 due to the pyridine ring C=C stretching is very sensitive to the changes in the electronic structure of 4-Mpy and can be used as N-protonation markers. 38 A single peak appears at 1612 cm -1 corresponding to N-protonation, whereas the corresponding band appears at 1580 cm -1 due to N-deprotonation, and a pair of peaks are found at 1612 and 1580 cm -1 at weakly acidic conditions. 39 This result indicates that the N atom is deprotonated in the Raman spectrum of 4-Mpy adsorbed on CuO nanocrystals. This deprotonation marker appears in the spectrum coincident with the lack of the band at 1250 cm -1 characteristic of the in-plane N-H deformation. Thus, the SERS spectral differences may arise from the different pH values.
A further finding is that excitation wavelength-dependent behavior was also examined on the CuO nanocrystals. The representative Raman spectra of 4-Mpy on CuO nanocrystals, recorded with different laser excitation wavelengths: 514.5, 532, 633, and 785 nm, are shown in Fig. 5 . A lot of peaks were distinctly observed for two excitation spectra, which could be partly attributed to 4-Mpy. The absolute peak intensities change depending on the excitation wavelength; however, the peak positions are almost invariant. Under identical experimental conditions, the 532 nm excitation is the most efficient for the Raman signals of 4-Mpy. This result is similar to the excitation wavelength-dependent behavior observed from single-crystal copper surfaces. 40 It should also be mentioned that 4-Mpy itself does not have electronic transitions in the visible, UV absorption peak is far from the 633 nm laser lines, and conventional resonance enhancement should be minimal at 633 and 785 nm. In addition, the relative peak intensities vary as laser excitation changes. Aroca et al. have demonstrated that the relative intensities change with laser excitation in the SERS spectra, revealing differences in the excited and ground states of the molecule. 41 The results demonstrate that the Raman signals of 4-Mpy on CuO nanocrystals are related to excitation wavelengths.
With the exception of those peaks assigned to 4-Mpy, the band at 293 cm -1 corresponds to the optical phonon mode of CuO nanocrystals with 532 nm excitation. 42 If one changes the laser excitation, the Raman peaks of CuO nanocrystals shift. The peak at 293 cm -1 with 532 nm excitation shifts to 296 and 282 cm -1 with 633 and 785 nm excitations. It is clear that the optical phonon mode of CuO exhibited changes depending on the excitation wavelength.
Estimation of the enhancement factor
To further evaluate the enhancement ability of CuO nanocrystals, one must estimate the enhancement factor (EF). The EF for CuO nanocrystals was calculated according to the following equation:
Here Nbulk is the number of molecules in the bulk sample and NERS is the number of molecules adsorbed on CuO nanocrystals effectively excited by the laser beam, namely, the molecules taking part in the scattering process. IERS and Ibulk are the intensity values in the enhanced Raman spectrum and the normal Raman spectrum, respectively. Thus, the determination of the EF requires that the spectra from adsorbed and bulk molecules be measured under identical conditions.
To obtain a quantitative evaluation of the EF, one must measure Raman spectra of 4-Mpy adsorbed on CuO nanocrystals and of 0.2 M 4-Mpy solution under the identical condition and one must thus obtain information about the ratio of intensities directly. The band of the ring-breathing mode (1022 cm -1 ), in the enhanced Raman spectra of 4-Mpy on CuO nanocrystals, was selected to calculate EF values. The ratio of intensity (IERS/Ibulk) is about 2.
The determination of the EF requires knowledge of the number of adsorbed molecules (NERS) and bulk molecules (Nbulk). The Nbulk in the analyzed volume was estimated according to the literature. 43 For the optical configuration and microscope employed in this work, the confocal depth was 21 μm, and the diameter of the laser beam spot was 1 μm. Thus, for a 0.2 M 4-Mpy solution, Nbulk would be 2.0 × 10 9 molecules.
The NERS is estimated as follows. 44 Assuming all 4-Mpy are adsorbed on CuO nanocrystals, the maximum concentration of adsorbed 4-Mpy is 1.0 × 10 -3 M. The amount of 4-Mpy is 1 × 10 -8 mol (10 μl), is spread onto a surface of 8 mm radius. The surface concentration is 5.0 × 10 -17 mol/μm 2 . The laser beam has a 0.5 μm radius, and therefore the number of moles interrogated by the laser is 3.9 × 10 -17 mol, so that NERS = 2.3 × 10 7 . Therefore, the EF is estimated to be 10 2 .
Conclusions
In summary, we have demonstrated that CuO nanocrystals can give rise to enhanced Raman scattering with the EF 10 2 . The similarities and differences of 4-Mpy molecules adsorbed on CuO nanocrystals and those on metal substrate were revealed. This study points to the very promising future of using Raman spectra for understanding chemisorption and reaction 790 ANALYTICAL SCIENCES JULY 2007, VOL. 23 mechanisms of molecules on semiconductor materials in some practical systems.
